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The inertial sliding of physisorbed submonolayer islands on crystal surfaces contains 
unexpected information on the exceptionally incommensurate smooth sliding state associated 
with superlubricity and on the mechanisms of its disappearance. Here we show in a joint 
quartz crystal microbalance (QCM) and molecular dynamics (MD) simulation case study of 
Xe on Cu(111) how superlubricity emerges in the large size limit of naturally incommensurate 
Xe islands. Theory also predicts, as coverage approaches a full monolayer, an abrupt 
adhesion-driven 2D density compression of order several %, implying here a hysteretic jump 
from superlubric free islands to a pressurized 𝟑× 𝟑 commensurate immobile monolayer. 
This scenario is fully supported by QCM data showing remarkably large slip times at 
increasing submonolayer coverages, signaling superlubricity, followed by a dramatic drop to 
zero for the dense commensurate monolayer. Careful analysis of this variety of island sliding 
phenomena will be mandatory in future applications of friction of crystal-adsorbate 
interfaces. 
	  
	  
	  
Systems achieving low values of dry sliding friction are of great physical and potentially 
technological interest1-4. Superlubricity, the vanishing of static friction with consequent ultra-low 
dynamic friction taking place typically between crystal faces that are sufficiently hard and mutually 
incommensurate 5, 6, is experimentally rare, and has been demonstrated or implied in a relatively 
small number of cases, such as telescopic sliding among carbon nanotubes7, 8, sliding graphite 
flakes on a graphite substrate9-11, cluster nanomanipulation12, 13 and sliding colloidal layers14, 15. It is 
mandatory to increase our understanding and, also in view of potential nanotechnology applications, 
to examine new and more generic systems beyond these. 
Submonolayer islands of rare gas atoms adsorbed on crystal surfaces offer an excellent platform to 
address friction at crystalline interfaces. Despite much experimental16-22 and theoretical23-27   work, 
superlubricity is an aspect which is still poorly explored precisely in these systems. Adsorbate phase 
diagrams versus coverage θ  are well known to display, in the submonolayer range (0 < θ < 1) and 
at low temperatures, phase separated 2D solid islands, usually incommensurate with the surface 
lattice, coexisting with the 2D adatom vapor28, 29. In the Quartz Crystal Microbalance (QCM), the 
inertial sliding friction of these islands is measured by the inverse of the slip time τs = (1/4π) [δ(Q-
1)/ δf], the ratio of the adsorbate-induced change of inverse quality factor over the respective change 
of the substrate oscillations frequency30. The peak of the inertial force acting on an island deposited 
on the QCM is Fin = ρisl S A (2πf)2  (where ρisl  is the 2D density at the center of an adsorbed island 
of area S, while A and f are the oscillation amplitude and frequency, respectively) equals the viscous 
frictional force of Fvisc = Mv/τs  , (island mass M and speed v). Superlubricity should thus indirectly 
show up as an unusually large slip time.  For over two decades, QCM work has shown that 
physisorbed atoms or molecules condense and generally slide above some submonolayer coverage 
θsf, where τs may reach typical values of hundreds of ps to a ns. These results17, 19, 30 and the 
corresponding pioneering atomistic simulations23, 31 have brought much valuable initial information 
about the temperature and system dependence of inertial friction. So far however, crucial aspects 
specifically addressing the island structure of the adsorbate, the edge originated pinning and, 
especially, the change of commensurability and superlubricity with coverage, issues that are in our 
view important to nanofriction, have not yet come into scrutiny. 
Here we present a joint experimental and theoretical study of the sliding of adsorbate islands on a 
crystalline substrate revealing surprising information about the exceptionally easy sliding 
suggestive of superlubricity, about its limiting factors caused by edges and defects,  eventually its 
spontaneous demise at full coverage.	  	  Our chosen example is physisorbed Xe on Cu(111), a system 
whose phase diagram is, along with other rare gas adsorbates on graphite and metal surfaces, well 
studied28. Between about 50 and 90 K, Xe monolayers condense on Cu(111) as a commensurate 3× 3 2D solid. We conventionally designate this as unit coverage θ=1, characterized by a density 
ρ=ρ0 = 2/( 3 aCu2) where 𝑎!" = 3𝑑!"!!" = 0.441 nm is the commensurate adatom spacing. 
Low-energy electron diffraction at 50 K locates the Xe atoms on top of surface Cu atoms32, whose 
planar distance a0  is close to the Xe-Xe spacing in bulk Xe, aXe = 0.439 nm. At lower temperatures 
the full Xe monolayer is known from surface extended X-ray measurements to shrink into an 
“overdense” (ρ >ρ0) incommensurate structure, reaching 3× 3 commensurability only at 50 K 
upon thermal expansion33.  Conversely, the 2D atom density in Xe monatomic islands, which 
coexist with the adatom 2D vapor at submonolayer coverage, is not specifically known, although 
often assumed to be equal ρ0.  Our results actually show that the 2D crystalline Xe islands (θ<1)  
are slightly “underdense” (ρisl <ρ0) and increasingly incommensurate with thermal expansion, 
reaching a 2D density 4% below ρ0 near 50 K. In this incommensurate state, the 2D lattice inside 
the Xe islands should slide superlubrically over the Cu(111) substrate, as expected for a “hard” 
slider.  Indeed, even though the Xe-Xe attraction VXe-Xe~20 meV  is an order of magnitude smaller 
than the Xe-Cu(111) adhesion energy Ea ~190 meV28, it is an order of magnitude larger, and thus 
harder, than the weak Cu(111) surface corrugation Ec ~ 1-2 meV34.  In addition, we find that the 
large Xe/Cu adhesion entails another important consequence whose tribological impact has not 
generally been described. At monolayer completion, where the 2D adatom gas disappears, a 
positive 2D (spreading) pressure suddenly builds up as extra adatoms strive to enter the first layer 
and benefit of the substrate attraction, as opposed to forming a second layer where attraction is 
much smaller. This process, for example, is clearly revealed in  QCM data  for Xe/Ag(111)  by 
Krim’s group17, where it gave rise to a  Xe density increase of  about 5 % upon monolayer 
formation.  Ideally, as the submonolayer coverage grows, this spontaneous density increase process 
should start at  θc ∼  ρisl / ρ0 <1  and continue until limited by either the buildup of 2D pressure, or 
by a strong  accidental commensurability with the substrate, whichever comes first as θ  grows 
beyond  θc.   If corrugation, commensurability, and entropic effects are ignored, and assuming for 
simplicity a first-neighbor Xe-Xe attraction -V, the potential energy density change upon a 
monolayer density increase from ρ  to ρ+δρ is roughly estimated as 
                                          δE =  ρ(-Ea + 3V) (δρ/ρ) + (1/2)(λ + µ) (δρ/ρ)2   (1) 
which is minimal when   
                                              (δρ/ρ) = ρ(Εa – 3V)/(λ+µ) = (Εa-3V)/mvL2     (2) 
where λ and µ are the Xe monolayer Lamé coefficients, m is the mass of a Xe atom and vL  is the 
monolayer longitudinal sound velocity. With parameters appropriate for the Xe monolayer and vL 
=1.3 Km/s), this yields (δρ/ρ) ~ 6%, close to the experimental compression of Xe/Ag(111). We 
note that a compression of this magnitude would amount to several Kbar in bulk Xe. In the present 
case of Xe/Cu(111), and unlike Xe/Ag(111), the 2D density upward jump from ρisl is arrested to  ρ0 
by  3× 3  commensurability, and we estimate its amount to about 4 % . The gist of these 
preliminary theoretical considerations is that, near 50 K, submonolayer Xe islands must be 
incommensurate, and most likely superlubric, whereas the full monolayer is 3× 3  commensurate, 
and probably pinned.  
QCM measurements  The friction of Xe monolayers has been measured with a quartz crystal 
microbalance (QCM). The microbalance consists of a AT cut quartz disk whose principal faces are 
optically polished and covered by a gold keyhole electrode commercially evaporated on one face 
and a copper one on the other face (see Fig. 1). The QCM was driven at its fundamental mode with 
resonance frequency fres ∼ 5 MHz by using a frequency-modulation (FM) technique. An AC 
voltage VD is applied across the two electrodes at a frequency equal to that of its mechanical 
resonance and drives the two parallel faces of the quartz plate in an oscillating, transverse shear 
motion. Varying VD changes the power dissipated in the quartz and the amplitude A of the lateral 
oscillations of the electrodes. The latter quantity is calculated from the formula A = 1.4Q!V!, 
where A is measured in pm and VD is the peak driving voltage in V35. The top graph in Fig. 1 shows 
a family of resonance curves measured in vacuum and at T = 48 K for different A. In the horizontal 
axis the frequency of the generator f is normalized to fres, while the vertical axis shows the 
corresponding amplified voltage VQCM normalized to the peak value Vres. No variation in the 
resonance curve is detected within the amplitude range investigated. The continuous line is a 
nonlinear least-squares fit to the data that yields a quality factor of the quartz Q=22000020. The 
condensation of a film on the electrodes is signaled by a decrease of the resonance frequency fres. 
Any dissipation taking place at the solid-film interface is instead detected by a decrease in the 
corresponding resonance amplitude Vres 36.  
 Figure 1 –The quartz crystal microbalance and characterization of the Cu(111) electrode.  Top: normalized 
resonance curves of the QCM measured in vacuum and at T=48 K for different oscillating amplitudes A. The red line is 
a fit to the data for A=7nm. fres~5 MHz represents the series resonance of the quartz crystal. A sketch of the QCM with 
the Cu and Au electrodes is shown in a). Inset b) indicates the shear motion of the QCM at resonance: arrows represent 
the lateral displacements. Inset c) shows Xe gas dosing on the QCM. Bottom: d) Pole figure (stereographic plot) of the 
Cu [111] peak. The contour plots labels unit is cps; ψ (sample tilt angle) is varied in the 0° - 50° range while φ (sample 
rotation angle) is varied in the 0° - 180° range. e) Continuous line: φ-averaged Cu [111] intensity as a function of ψ; 
dashed line: cos(ψ) law normalized to Cu [111] intensity at ψ = 0°; f) STM derivative image of the Cu film. The image 
size is 150 × 150 nm. 	  
 
The Cu(111) electrode was prepared by depositing on the other bare quartz face a Cu 30 nm / Cr 10 
nm bilayer at room temperature in UHV conditions using Knudsen effusion sources. The Cr buffer 
layer was used to promote adhesion between the quartz substrate and the Cu film. The deposition 
rate was 2.2 Å/s and 4.7 Å/s for Cr and Cu, respectively. Prior to deposition, the QCM was heated 
for 30 minutes to 250 °C to remove the condensed impurities. After the deposition, surface  
cleanliness of Cu film was checked by XPS spectroscopy (see  Supplementary Material). Fig. 1(d) 
shows the XRD intensity of the Cu [111] reflection as a function of the sample orientation (pole 
figure). A well-defined peak close to 0° tilt angle indicates that most of the Cu grains are oriented 
with the [111] crystal axis perpendicular to the sample surface. No other preferred orientations are 
detected. Geometrical effects due to the limited size of the sample with respect to the X-ray beam 
give rise to a broad peak at ψ=0°, with a cos(ψ) dependence. Fig. 1(e) shows the [111] reflection 
intensity, averaged over the sample rotation angle φ, as a function of the sample tilt angle ψ. To 
discriminate between preferential orientation and finite sample size effects, in Fig. 1(e) a cos(ψ) law 
normalized to the maximum intensity of the peak is also shown. The measured intensity peak is 
clearly sharper than cos(ψ), indicating that the ψ dependence of the [111] intensity is mostly due to 
the preferential orientation of the Cu grains. Fig 1(f) shows a STM derivative image of the sample 
surface taken in situ right after the deposition. Large flat grains 40-50 nm in lateral size are clearly 
visible. The typical area of the (111) terraces was A0  ~ 2.5 103  nm2.   
Xe was condensed directly onto the Cu(111) electrode of the QCM at temperatures comprised 
between 47 and 49 K. Lower temperatures could not be reached due to the poor thermal coupling to 
the cold head of the cryocooler,  higher values were limited by the evaporation of the Xe 
monolayer22. Within this very narrow temperature interval, no systematic and reproducible 
variations attributable to T were observed.  Between consecutive deposition scans, the QCM was 
heated to about 60 K to guarantee the full evaporation of Xe and the thermal annealing of the 
microbalance37.   
Fig. 2 shows the measured slip time τs of Xe at T= 47 K with a moderate oscillating amplitude Α ~7 
nm of the Cu electrode. The coverage is deduced from the frequency shift assuming for the 
monolayer an areal density ρ0  = 5.93 atoms/nm2 corresponding to the completion of the 3× 3 
commensurate solid phase, equivalent to a frequency shift of 7.3 Hz. Besides some initial pinning  
(τs  =0) at the lowest coverages θ < 0.05 where Xe is known to condense at steps and defects38 , the 
data show depinning with a rapid increase of τs, reaching peak values up to 4 ns, nearly an order of 
magnitude larger than the slip times measured with Xe on gold and on graphene at the same 
temperature22. This slipperiness of Xe islands on Cu(111)  is all the more puzzling because it runs 
contrary to the pinning for the 3× 3 commensurability so far supposed to be in place at 47 K 
from literature33. The large, fast rising, submonolayer slip time is a dominant feature in Fig.1, which 
we will now qualify as evidence of incommensurability and superlubricity. The second, even more 
unusual feature is the sudden slip time collapse near θ ~1, also exhibiting a mysterious variability 
between different experiments.  Both will be shown to signify an abrupt increase of density leading 
to a compressed 3× 3 monolayer.  
	  
Figure 2 – Slip time of Xe on Cu(111) as a function of film coverage. The scan was taken at T= 47 K with fres ∼ 5 
MHz and at an oscillating amplitude of the Cu electrode A =7.4 nm. Inset: scans of Xe on Cu(111) taken for different 
Xe depositions on the same substrate at the same  A and temperatures comprised between 47 and 49 K. Note the sharp 
drop occurring  at coverage near a full monolayer, albeit with large fluctuations. 	  
	  
Theory and MD simulations of sliding islands  The physics behind these experimental results can 
be directly addressed by frictional molecular dynamics simulations. The power P dissipated by a 
hard crystalline island of area S sliding on a crystal surface under a uniform force F is the sum P = 
Pb  + Pe of an intrinsic “bulk” term Pb  (the friction of an equal portion of infinite adsorbate of same 
2D density) and of extrinsic or defect terms Pe, representing the correction due to the island finite 
size, and to substrate defects. The contribution to Pe due to substrate imperfections and defects 
depends on the oscillation amplitude, and is reduced by smaller oscillation amplitudes, when fewer 
defects are overlapped by the moving island (see Supplementary Information). The residual 
contribution to Pe, present even on defect-free terraces and for all amplitudes, is the friction caused 
by the island finite size, that can be conventionally designated as an “edge” contribution27  .  Quite 
generally, Pe presents a different area dependence from Pb, namely Pb ~  S against  Pe ~ S
γ
, where  
γ < ½ depending on the nature of pinning centers27. 
The force dependence of the two terms also differs. Extrinsic defects and/or island edges imply a 
small but nonzero static friction force Fse, so that Pe   will vanish for either F < Fse due to pinning 
and for F >> Fse   where the sliding becomes asymptotically free. The bulk, intrinsic frictional power 
Pb depends strongly on commensurability of the island 2D lattice structure with the crystal surface 
lattice. Hard incommensurate islands have zero bulk static friction, hence will slide superlubrically, 
that is with a relatively small kinetic friction, growing viscous-like with force,  Fν with ν ~ 1.   
This bulk friction of a superlubric slider, negligible at low speed sliding such as  µm/s typical of 
AFM13,  becomes accessible in QCM, where peak speeds are many orders of magnitude higher 
(here v~ ωΑ ∼ 0.23 m/s). Commensurate systems are, on the other hand, pinned by static friction 
Fsb, so that Pb is zero until the force reaches a large depinning force F ~ Fsb, at which point, as 
shown e.g., by colloidal simulations15, 39, frictional dissipation has its peak.  
In our model, the Cu(111) substrate is treated as a fixed and rigid triangular lattice, exerting on the 
mobile Xe adatoms an average attractive potential -Ea = -190 meV, and a corrugation  1 meV 
between the Cu on-top site (energy minimum for a Xe adatom), and the Cu hollow site (energy 
maximum). Each Xe adatom is thus subject to the overall potential VXe-Xe+VXe-Cu. The Xe-Xe 
interaction is modeled by a regular Lennard-Jones 12-6 potential, with ϵ = 20 meV and σ = 3.98 Å.  
Smaller corrections due to three-body forces as well as substrate-induced modifications of this two-
body force are ignored. The Xe-Cu interaction is modeled by the modified Morse potential:  
𝑉!!!!" = 𝛼(𝑥,𝑦) 𝑒!!!(!!!!) − 2𝑒!(!!!!)  (3) 
where z0 = 3.6 Å 
40, 41. We define the modulating function, normalized to span the interval from 0 
(top sites) to 1 (hollow sites)  
𝑀 𝑥,𝑦 = !! − !! 𝑐𝑜𝑠 !!!! 𝑐𝑜𝑠 !!"!! − !! 𝑐𝑜𝑠 !!"!!  , (4) 
where the constant 𝑏 = 3.61 2 is the nearest neighbor distance of surface Cu atoms. The Morse 
potential energy parameter is given by α(x,y) = -Ea + M(x,y) Ec. The inverse length β in (3) is 
obtained by equating the second derivative of the potential to the experimental spring-constant,  
𝑉!! 𝑧! = 2𝛼!"#𝛽! = 𝜔!𝑚 , (5) 
where m is the atomic mass of Xenon. With a perpendicular vibration energy of ℏω ≃ 2.8 meV 40, 
we obtain β =0.8 Å-1.  
The equations of motion are integrated using a velocity-Verlet algorithm, coupled to a Langevin 
thermostat with a damping coefficient γ=0.1 ps-1, a damping whose value is not critical, and which 
is not applied to the translational degrees of freedom of the Xe island center of mass (CM). Islands 
are obtained by a circular cutting of a Xe monolayer, whose radius determines the island size. The 
so-formed islands are deposited on the Cu substrate with a random orientation angle, as expected to 
occur experimentally and not critical to the results.  The simulation protocol for slip-time 
calculation starts with heating the system at 48 K for 100 ps. Then, the Xe CM velocity along x-axis 
is set at vi=100 m/s, and the simulation evolves until motion stops. The slowdown is very well fit by 
an exponential, indicating a purely viscous friction. The slip-time is extracted, after skipping the 
initial transient, by an exponential fit of the form v 𝑡 = v!𝑒!! !!, as shown in Fig. 3 for an island of 
diameter ~60 nm.  
 
 Figure 3. - Spontaneous frictional slowdown of a 60 nm circular island.  The island of density ρisl/ρ0 = 0.96 was 
initially kicked at large speed and T=48 K and then let free to move without thermostating. The grey line is obtained by 
superposition of five simulations. The excellent exponential fit confirms the viscous sliding of the island.  
 
The excellent exponential fit confirms that the island sliding is indeed viscous, with a slip time τs as 
large as 5 ns, directly comparable with the experimental values of Fig.2.  Moreover, even if no 
extrinsic defects were included, the slip time obtained still varied with the island area S, well fit by 
τs -1 = (a + b Sγ−1), with  γ  ~ ¼ as shown in Fig. 4. This sublinear term exponent is the same found for 
sliding clusters13 and similar to that of a recent study of adsorbate static friction, where it was due to 
the island finite size27.  Under the reasonable assumption that increasing coverage corresponds to 
increased average island size, eventually reaching at full coverage (θ ∼ 1) the size of the largest 
Cu(111) terraces (about 50 nm), the increase of the experimental slip-time with coverage of Fig.2 
can be attributed to the progressively decreasing role of edges27. The intrinsic, defect free slip time 
asymptotically reached in the large size limit is that dictated by the ideal Xe lattice, which is 
incommensurate, hard, and superlubrically sliding with a  friction growing linearly with speed. We 
conclude that the unusually large slip times at large submonolayer coverages signifies precisely that 
Xe islands sliding on Cu(111) are asymptotically superlubric. 
  
Figure 4. - Theoretical slip time from sliding simulations for incommensurate Xe islands of growing size, on a 
perfectly periodic potential representing Cu(111). The fit (dashed line) shows that the size-controlled defect friction 
(here due to the island edge) gives way to very long slip times arising from bulk superlubricity in the large size limit 
(τsbulk≈ 5.75 ns). The vertical line marks full monolayer coverage for an estimated experimental Cu(111) terrace size of 
60 nm. When islands reach this size, we expect a spontaneous density increase with sudden slip time collapse due to 3× 3  commensurabiliy. 
 
 
The second striking experimental feature is the sudden drop of slip time near monolayer coverage. 
The physics behind that also emerges from simulation, where additional adatoms added near full 
coverage θ ∼ 1 get spontaneously incorporated in the first monolayer rather than forming a second 
layer. As trial simulations also confirms, the extra compressional energy cost implied by this 
incorporation is overcompensated by the adhesive energy gain, in agreement with Eq. (2) above. 
The resulting 4% growth of 2D density at monolayer completion, not far from the full theoretical 
6%, is arrested by the intervening, and accidental, exact  3× 3  commensurability, well 
established experimentally32, 34. Due to that, the slip time of Xe/Cu(111) falls (unlike that of e.g., 
Xe/Ag(111), which remains incommensurate after densification17), as  seen in the experimental 
Fig.2 and indicated in the theoretical Fig. 4.  
The 2D density jump which destroys superlubricity for increasing adsorbate coverage near one 
monolayer is a sudden, first-order event. As such, it is expected to occur with hysteresis, which 
implies a difference between atom addition and atom removal, as well as occasional differences 
between one compressional event and another. As shown in the inset of Fig 2, the Xe coverage at 
which the sudden slip time drop occurs is experimentally rather erratic, in agreement with this 
expectation. Experimental verification of this hysteresis is difficult because of the negligible 
pressure of the bulk vapor in equilibrium with the film, which makes it impossible to decrease the 
Xe coverage by pumping gas out at the temperature of the scan. Simulated insertion/extraction of a 
Xe atom into/out of a full underdense monolayer (ρ/ρ0 = 0.96)  yields very asymmetric energy 
evolutions, actually ending with highly defected, poorly reproducible states. That result supports 
hysteresis and moreover suggests the explanation for the randomness in the slip time drop observed 
in the real process of Fig. 2, probably due to a relatively long, statistically distributed time needed 
for the intra-monolayer defects to heal away during the spontaneous compression process.  
The temperature behavior, before closing, is one important parameter which we cannot vary in our 
experiment, but which is worth commenting upon. The compressed Xe/Cu(111) monolayer has a 
much stronger thermal expansion that bulk Xe, which causes it to evolve from incommensurate and 
slightly overdense between 20 to 45 K32 to 3× 3  commensurate at 50 K31,32 and 60 K33, pushing 
it incommensurate again, now slightly underdense,  at higher temperatures (a fine feature hard to 
pick up by pioneering LEED studies42). Incommensurability and superlubricity at 77 K are strongly 
suggested by the exceedingly long slip times of order 20 ns observed by Coffey and Krim18.  
 
From superlubric islands to pinned monolayers  The inertial sliding of submonolayer Xe islands 
on the Cu(111) surface just investigated offers an ideal playground to delve deeper into some 
important frictional phenomena. The long slip times and the theoretically demonstrated 
incommensurability between adsorbed and substrate lattices characterize the sliding as 
asymptotically superlubric for large island areas, limited only by defect- and edge-related friction.   
A sudden spontaneous compression upon monolayer completion caused by strong adhesion to the 
substrate is predicted and observed.  Specific to Xe/Cu(111) is the  ensuing 3× 3 
commensuration accidentally reached during compression, causing a peculiar transition from 
superlubric sliding with a large slip time to its sudden vanishing in the dense pinned state. Both the 
island superlubricity and the compressional transition, the latter generally leading from one to 
another incommensurate state, are general phenomena characterizing the sliding friction for 
adsorbates on crystalline surfaces, not specific to the system under study. The chapter of 
technological nanodesign addressing the control of crystal friction properties at the most intimate 
level will have to keep these elementary mechanisms into account.  
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